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ABSTRACT 

We report the discovery of large-scale diffuse radio emission in the galaxy cluster 
MACS J1752.0+4440 (z = 0.366). Using Westerbork Synthesis Radio Telescope (WSRT) 
observations we find that the cluster hosts a double radio relic system as well as a 1 .65 Mpc 
radio halo covering the region between the two relics. The relics are diametrically located on 
opposite sides of the cluster center. The NE and SW relics have sizes of 1.3 and 0.9 Mpc, 
respectively. In case of an isolated binary merger event, the relative sizes of the relics sug- 
gest a mass ratio about 2 : 1. We measure integrated spectra of —1.16 ± 0.03 for the NE 
and —1.10 ± 0.05 for the SW relic. We conclude that this cluster has undergone a violent 
binary merger event and the relics are best explained by particles (re)accelerated in outwards 
traveling shock waves. The spectral indices suggest the relics trace shock waves with Mach 
numbers (Ai) of around 3.5 to 4.5. These relatively high Mach numbers derived from the ra- 
dio spectral index are comparable to those derived for a few other recently discovered relics. 
This implies that merger shocks with M. > 3 are relatively common in cluster outskirts if our 
understanding of diffusive shock acceleration is correct. 
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1 INTRODUCTION 

Giant radio relics are extended radio sources found in the outskirts 
of disturbed galaxy clusters. Particularly interesting are so-called 
double radio relics which are found on opposites sides of the clus- 
ter center and are believed to trace two shock waves created in the 
intracluster medium (ICM) during a binary merger event. In the 
case of advantageous inclination with respect to our line of sight 
the location of the relics makes it possible to directly constrain 
the merger geometry and together with modeling can be used to 
derive the mass ratio and impact parameter of the merger event 
dRoettiger et al .11 19991: Ivan Weeren et~aT]|201lh . 

Shock waves in galaxy clusters are proposed sites for par- 
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ticle acceleration, for ex ample via the diffusive shock accelera- 
tion (PSA) mechanis m dDrurvlll983t iBlandford & Eichlen[l987t 
llones & Ellison|[l99lh . However, the efficiency with which colli- 
sionless shocks can accelerate particles migh t not be high enoug h 
to produce the observed radio brightness (e.g jMacario et al .1201 lb . 
The diffusive shock acceleration may be aided b y the presence of 
relativistic particles in the ups t ream plasma (e.g., Markevitch et alj 
120051 ; iGiacintucci et alj|2008l : iKang & Rvvj|201ll) . Relics are ex- 
pected to be preferably found in cluster outskirts because the ki- 
netic energy dissipated in merger s hocks peaks at a distance of 
about 1 Mpc from the cluster center dVazza et al .1120121) . 

Radio halos are another clas s of diffuse extended r adio sources 
found in merging clusters (e.g., ICassanoet ail 12010b). They have 
Mpc-sizes and are centrally located. Halos have been explained 
by in-situ acceleration of particles through merger generated turbu- 
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Table 1. WSRT observations 



25 cm 21cm 18 cm 13 cm 

Bandwidth, # channels per subband 8 X 20 MHz, 64 8 X 20 MHz, 64 8 X 20 MHz, 64 8 X 20 MHz, 64 

Observation dates November 10, 201 1 7 & 12 March, 201 1 May 23 & June 16, 201 1 July 5 & 6, 201 1 

Total on-source time 10 hr 12 hr 24 hr 24 hr 

Beam size 28.9" x 16.6" 27.1" x 17.0" 17.3" x 11.8", 23.5" x 15.9" 12.7" x 8.9" 

Rms noise (cr rms ) 35 /Jy beam - 1 26 /Jy beam - 1 16, 18 /Jy beam - 1 23 /Jy beam - 1 

Robust weighting 1.0 1.0 0.0,3.0 0.0 



lence dBrunetti ^t "al] |200ll; |pet"rosianll200lh or by secondary elec- 
trons which are continuously injected into the IC M by inelastic col- 
lisions between relativistic a n d thermal proton s ( Dennisonlll980l : 
iBlasi & Colafrancescol 1 19991 ; iDolag & Enfiiml [2000). Secondary 
models are currently disfavored as they do not explain the exis- 
tence of ultra-steep spectrum radio halos dBrunetti et al.120011) . and 
so far no Gamma ray emissi on has been detected by t he Fermi satel- 
lite at the levels expected jjeltema & Profumo||201 ll) . Clusters also 
show a bimodal distribution in the Pi. 4 g hz — £x diagram, w ith 
only a minority of clusters hosting halos dBrunetti et al.ll2007h. in 
agree ment with t he turbulent re-acce leration model dBrunetti et alj 
|2009|) . However, lEnfflin et alj d201ll) claim that cosmic ray (CR) 
transport in clusters can also induce the radio bimodality as merg- 
ing clusters should have a much more centrally concentrated 
CR population than relaxed ones, resulting in higher synchrotron 
emissivities. Basic turbulent re-acceleration models predict steep- 
ing of the radio spe ctrum at higher-frequencies (e.g., fig. 1 in 
ICassano et ail 12010a). Recent LOFAR observations revealed that 
the radio spectrum of the Abell 2256 halo steepens at low fre- 
quencies. This unexpected result shows that the formation pro- 
cess of halos might be more complex than previously thought 
dvan Weeren et al.l2012h . 

Although more than 30 relics have been found, they 
are mostly located in clusters at z < 0.3, while based 
on simulat i ons m ore relics at l arger redsh ift are expected 
dNuza et alj |2012|) . According to iNuza et all the fraction of 
relics in X-ray selected cluster samples as function of red- 
shift gives a powerful tool to constrain the evolution of mag- 
netic fields and particle acceleration in the ICM . The few 
know n z > 0.3 relics are MACS J0717.5+3 7 45 dEdge et all 
120031 : iBonafede et all 120091 : Ivan Weeren et alj 120091). PLCK 
G287 .0+32.9 dBagchi et al] 120 1 ll; IPlanck Collaboration et al J 
l201lh and CL 1446+26 jGiovannini et all l2009h . The extreme 
merger event of MACS J0717.5+3745 has been studied extensively 
dLaRoque et al.|l2003l; lEbeling et aljliooi: iKartaltepe etal] 1 2008] ; 
Ma et alj I260I |2009t Izitrin et all 120091 : iMa & Ebelind koiil ; 
Limousin et alj|201 lh . but the systems complexity also makes the 



interpretation of the results more difficult. 

We embarked on a search for less complex, but still massive 
merging clu sters in the MACS s ample of X-ray lumino us clusters 
at 2 > 0.3 l lEbeling et afll200ll ; lMann & Ebelindl2012t). A candi- 
date fo r a 2 > 0.3 double relic system was reported bv lEdge et alj 
(2003) in MACS J1752.0+4440 with two radio sources found on 
opposit e sides of the cluste r center in NRAO VLA Sky Survey 
(NVSS. ICondon et al.ll 19981) and Westerbork Northern Sky Survey 
(WENSs lRengelink et alJI 19971) images. Here we present WSRT 
and archival Very Large Array (VLA) observations of this cluster. 



In Sect. [2] we report on the radio observations and data reduction. 
The results are presented in Sect. [3] We end with a discussion and 
summary in Sects. [4] and [5] Throughout this paper we assume a 
ACDM cosmology with H = 71 km s" 1 Mpc~\ Q. m = 0.27, 
and n A = 0.73. At the redshift of MACS J1752.0+4440 (2 = 
0.366) 1" corresponds to 5 kpc. All images are in the J2000 coor- 
dinate system. 



2 OBSERVATIONS 

MACS J1752.0+4440 was observed with the WSRT in the L-band 
at 25, 21, 18 cm and in the S-band at 13 cm, see Table [T] for an 
overview. The data were calibrated with CASA. As a first step we 
removed time ranges affected by shadowing. Radio f requency inter- 
ferenc e (RFI) was flagged with the AOFlagger from Offrin gaet alj 
feoich . The data were corrected for the bandpass response and gain 
solutions were determined for the calibrator sources and transferred 
to the target s ource. The flux densitie s for the calibr ator sources 
were s et by the lPerlev & Tavloil (fl999) extension to the Baa rs et all 
dl977l) scale. The data were further self-calibrated in the NRAO 
Astronomical Image Processing System (AIPS) package. Images 
were cleaned with manually placed clean boxes and corrected for 
the primary beam attenuation. 

Archival VLA L-band B-array observations (project AE147; 
July 7, 2002) were obtained from the NRAO VLA Archive Survey 
(NVAS). From these data we created an image with a resolution of 
5.1" x 4.5" (robust 1.0 weighting) and a noise of 28 /iJy beam -1 . 
The resolution and noise levels for the WSRT images are reported 
in Table[0 



3 RESULTS 

MACSJ1752.0+44 40 was identified as a cluster at 2 = 0.366 by 
lEdge et alj J2003h based on its de tection in the ROSAT All-Sky 
Survey (RASS, IVoges et alj|l999h . At L x , 0.1-2.4 k C v = 8.2 x 
10 44 erg s _1 , MACS J1752.0+4440 is one of the most X-ray lu- 
minous c lusters known at z > 0.3. And SDSS image is shown 
in Fig.Q]( Abazajian e t alj|200f^) . The WSRT 18 cm image reveals 
two arc-like radio sources on opposite sides of the cluster center 
(Fig.[TJ. Additional faint diffuse emission is present between these 
two sources. In the 21 and 25 cm WSRT images we also detect 
this low surface brightness emission, although with a lower signal 
to noise ratio (SNR), see Fig. [2] The brighter arc-like sources are 
also detected in VLA 1.4 GHz B-array and WSRT 13 cm images 
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Right Ascension Right Ascension 

Figure 1. Left: WSRT 18 cm image. High-resolution image made with robust = weighting. Red contour levels are drawn at [1, 2, 4, . . .] X 3o- rms . Negative 
— 3cr rms contours are shown by the dotted lines. Blue contours drawn at 54 fi]y beam" 1 are from a lower resolution image made with robust = 3 weighting to 
enhance diffuse emission. Right: SDSS DR7 color image (g, r, and (' bands) of the cluster center overlaid with VLA radio contours. Contour levels are drawn 
at [1,2, 4,...] X 3cr rms . 



(Figs. Q] and [2^. An XMM- Newton imag e (Fig. [2]l reveals a dis- 
turbed and elongated ICM. Ebel ing et al.l will present an analysis 
of these X-ray observations. 

There is a faint optical object (probably a galaxy) visible in the 
SDSS image about 5"to the south of a foreground star, at the center 
of the SW arc-like radio source. However, it is unlikely that the SW 
radio source can be classified as a radio galaxy because there is no 
compact radio core visible, which is expected for an active AGN. 
We classify the two arc-like sources as a double radio relic system 
because of (i) their morphology and sizes, (ii) location with respect 
to the cluster center, (iii) location along the merger axis, and (iv) 
perpendicular orientation with respect to the merger axis. 

The NE and SW relics feature extents of 1.3 and 0.9 Mpc, re- 
spectively (TableO. The relics have well defined sharp outer edges, 
while their surface brightness drops somewhat more gradually to- 
wards the cluster center, as is seen for most double radio relics. The 
NE relic is composed of two linear filaments. Across the length of 
the NE relic the emission fades more slowly towards the north than 
at the relics's southern end. 

The diffuse emission between the radio relics is classified as a 
1 .65 Mpc extended radio halo because the radio emission follows 
the X-ray emission from the ICM. Interestingly, a faint EW elon- 
gated smudge of emission is visible at the northern end of the radio 
halo, see Fig.[T] It could be a fainter radio relic but this is somewhat 
speculative as the feature has a low-surface brightness. 

The flux densities for the two relics and radio halo are reported 
in Table [2] The two brightest compact sources between the two 
relics are probably AGN in the cluster, based on the colors of their 
optical counteiparts visible in the SDSS image. They are slightly 
extended (~ 10 — 15") in the VLA-B array image. We obtained 
the integrated flux density of the halo from the 18 cm data as the 



halo is most clearly visible in this band (due to the longer integra- 
tion time). We first subtracted the flux contribution from compact 
sources by creating a high-resolution image using uniform weight- 
ing and an inner uv-range cut of 200 m. The found clean com- 
ponents were subtracted from the uv-data and then we re-imaged 
the data with natural weighting. The halo flux density was cal- 
culated by summing over the entire area between the two relics. 
This have a flux density of 11.4 ± 1.1 mjy, corresponding to a 
1.4 GHz radio halo luminosity Pi. 4 gh z = 9.5 x 10 24 W Hz" 1 
(assuming a spectral index of —1.1), The halo linear size and 
radio power are in agr eement with the distribution presented in 
Giovannini et al. (2009). The X-ray luminosity and radio power are 
consistent with the Lx — -Pi.4GHz correlation for radio halos (e.g., 
Liang et alj|2000l: lEnfilin & R6ttgering1l2002UCassano et alj|2006l 



Liang et al. 2U0U; hnfilm & Kottgering 20U2; (Jassano et al. 200b, 
20071- iBrunetti et alj|2009l ; iMurgia et al.ll2009t iFeretti et al.ll2012h . 



Although the halo is also detected in the 21 and 25 cm images, the 
SNR is too low and frequency span too small to obtain a useful 
spectral index estimate. 

Integrated flux density measurements for the radio relics, from 
the WSRT, NVSS and WENSS images, are displayed in Fig. [3] A 
power-law fit through the measurements is also shown. This gives 
a = -1.16 ± 0.03 and a = -1.10 ± 0.05 for the NE and SW 
relic, respectively. The radio spectra appear to be straight over the 
observed frequency range. 



4 DISCUSSION 

In the linear test particle regime for DSA, the injection radio spec- 
tral index (ainj) is related to the Mach number (Ai) of a shock 
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Table 2. Characteristics of the diffuse radio emission 





relic NE 


relic SW 


radio halo 


Si. 714 GHz (mJy) 


55.1 ± 2.9 


25.7 ± 1.4 


11.4 ±1.1 


Pi.4 GHzdO 25 WHz- 1 ) 


4.5 


1.9 


0.95 a 


LLS 6 (kpc) 


1340 


860 


~ 1650 


a 


-1.16 ±0.03 


-1.10 ±0.05 





a assuming a spectral index of —1.1, largest linear size 



fe.g jBlandford & EichleJ 1987b 



M 2 + 1 



M' 2 



1 



(1) 



If the properties (i.e., the Mach number) of the shock remain un- 
changed, the electron cooling time is shorter than the diffusion 
time, and the age of the relic is larger than the electron cooling 
time, the integrated radio spectrum will be a power-l aw, with a 
spect ral index that is about 0.5 units steeper than a?j n j dKardashevl 
1 19621) . The electron cooling time in clusters (~ 10 6 7 yr at abou t 
1 GHz), much shorter than the diffusion timescale jjaffelll977l) . 
Also, the cooling time is likely shorter than the age of the relics 
in MACS J1752. 0+4440 since the shock waves probably formed at 
the moment of core passage of the two subclusters. The relics are 
located at about 800 kpc from the cluster center and it takes about 
10 8-9 yr for a shock wave to travel this distance, depending on 
the Mach number. This is more than an order of magnitude longer 
than the electron cooling time and therefore the Mach number has 
probably remained more or less constant over the last 10 6-7 yr. 
We can thus assume (^integrated — "inj + 0.5 and therefore ai n j 
is expected to be around —0.6 to —0.7, similar t o the Qj n i directly 



measured for the relics in CIZA J2242.8+5301 



van Weeren et alj 



2010) and 1RXS J0603. 3+4214 dvan Weerenll2011l) . 

These injection spectral indices correspond to Mach num- 
bers of about 3.5 to 4.5. Quite high, but simulations show these 
can indeed be created during cluster mergers (e.g., IVazza et Hi] 
I2009L |20ld) . Furthermore, Mach numbers derived from the ra- 
dio spectral could be slightly higher than the hydrodynamical 
Mach number, if there are Mach number variations in the shock 



front (since the radio luminosity str ongly increases with Mach 
number, e.g., iHoeft & Briiggerj |2007h . Recent X-ray observations 
did reveal a M > 3 shock, corresponding to the relic in 
CIZA J2242.8+5301 iOgrean et al1l20la lAkamatsu & Kawaharal 
1201 lh . For MACS J1752.0+4440, a next step will be to directly 
measure ainj at the front of the relic from a spectral index map. 
This requires additional observations which are currently obtained 
and the resulting spectral and polarization study will be presented 
in a forthcoming paper (Bonafede et al., MNRAS, submitted). 

The presence of a radio halo in MACS J1752. 0+4440 provides 
support for the hypothesis that halos are related to cluster merger 
events. It also indicates that while the main shock waves from the 
merger are already located in the cluster outskirts, particle acceler- 
ation is still ongoing in the central parts of the cluster, as expected 
for the turbulent re-acceleration model. 

The XMM image (Fig.[2} suggests the cluster is undergoing a 
roughly equal mass binary merger event along in the NE-SW direc- 
tion. The relative size of the two relics also gives an indication of 
the mass ratio of the merger event, while the brightness distribution 
along the length of the relics is related to the impa ct parameter. Tak- 
ing the results from the simulations presented in Ivan Weeren et al] 
1 1201 lh , this suggest a mass ratio about 2 : 1 and an impact param- 
eter about 4 times the core-radius of the largest subcluster. These 
are very rough estimates though and the uncertainties are difficult 
to quantify. Moreover these simulations only hold under the as- 
sumptions of an isolated clean binary merger event (without any 
extra substructures). New simulations, in combination with X-ray 
and lensing analyses, are needed to produce a more detailed merger 
scenario. 



5 SUMMARY 

We reported the presence of a double radio relic system and radio 
halo in the X-ray luminous galaxy cluster MACS J1752.0+4440 
at z — 0.366. This cluster is undergoing a binary cluster merger 
event, with the merger axis roughly located within the plane of 
the sky. For the radio halo we find a luminosity of Pi.4GHz = 
9.5 x 10 24 W Hz -1 and a total extent of 1.65 Mpc. The relics have 
sizes of about 0.9 and 1.3 Mpc. The integrated spectral indices of 
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Figure 3. NVSS, WENSS and WSRT flux density measurements for the 
NE and SW relics. Power-law fits through these measurements are also 
shown 

the relics are indicative of strong shock waves with M > 3, as 
is for the case for other recently discovered relics. This suggests 
that M > 3 shocks are not uncommon in the outskirts of merging 
clusters. 
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